ABSTRACT Gramene (http://www.gramene.org) is a curated online resource for comparative functional genomics in crops and model plant species, currently hosting 27 fully and 10 partially sequenced reference genomes in its build number 38. Its strength derives from the application of a phylogenetic framework for genome comparison and the use of ontologies to integrate structural and functional annotation data. Whole-genome alignments complemented by phylogenetic gene family trees help infer syntenic and orthologous relationships. Genetic variation data, sequences and genome mappings available for 10 species, including Arabidopsis, rice and maize, help infer putative variant effects on genes and transcripts. The pathways section also hosts 10 species-specific metabolic pathways databases developed in-house or by our collaborators using Pathway Tools software, which facilitates searches for pathway, reaction and metabolite annotations, and allows analyses of user-defined expression datasets. Recently, we released a Plant Reactome portal featuring 133 curated rice pathways. This portal will be expanded for Arabidopsis, maize and other plant species. We continue to provide genetic and QTL maps and marker datasets developed by crop researchers. The project provides a unique community platform to support scientific research in plant genomics including studies in evolution, genetics, plant breeding, molecular biology, biochemistry and systems biology.
INTRODUCTION
Gramene is an integrated web resource for accessing, visualizing, and comparing plant genomes and biological pathways. Each hosted genome features community-based gene annotations from primary sources to which we add Supplementary annotations, functional classification and comparative phylogenomics analysis. For an increasing number of species, with particular focus on Arabidopsis, rice and maize, Gramene also annotates and displays variation data derived both from data repositories and through collaboration with large-scale re-sequencing and genotyping initiatives. Another mandate of this project is to build plant pathway databases by applying both manual curation and automated methods. By using a core set of consistently applied protocols, Gramene offers a reference resource for basic and translational research in plants.
Gramene is powered by several platform infrastructures that are linked to provide a unified user experience. Our genome browser (http://www.gramene.org/genome_ browser) takes advantage of the Ensembl infrastructure (www.ensembl.org) to provide an interface for exploration of genome features, functional ontologies, variation data and comparative phylogenomics. Since 2009 Gramene has partnered with the Plants division of Ensembl Genomes (http://www.plants.ensemb.orgl) to jointly produce this resource, each benefitting from the other's proximity to research communities in the USA and Europe. This collaboration has also facilitated timely adoption of innovative tools and software updates that accompany frequent version releases by the Ensembl project (1) .
Gramene is also a portal for pathway databases developed and curated internally or mirrored from external sources. Since our last NAR update, Gramene developed and released BrachyCyc and MaizeCyc (2), the latter in collaboration with the MaizeGDB organismal database. We also incorporated many updates to RiceCyc (3) and have continued to maintain SorghumCyc. Built upon the Pathway Tools (BioCyc) platform (4, 5) , these databases emphasize the annotation of metabolic and transport pathways. Recently Gramene has adopted the Reactome data model and visualization platform (6) to develop the Plant Reactome (http://plantreactome.oicr.on.ca), currently available as a beta release. Over the next 2 years this resource will continue to grow with the addition of new species data and broader coverage of molecular interactions.
These platforms provide region-specific (e.g., genome browser) or pathway-specific data downloads (e.g., pathways portal and Plant Reactome). In addition, project data are available for customizable downloads from the GrameneMart (7), BLAST search, bulk downloads by FTP (ftp://ftp.gramene.org/pub/gramene), and programmatic access via Ensembl API and public MySQL (8) .
This article summarizes the updates to the Gramene website and database through the 38th release of the Gramene database in August 2013, since last reported in this journal (8) . Starting March 2013, the website, database and its contents are being updated five times during the year and changes can be followed from the Gramene news portal (http://news.gramene.org) and by browsing the site's release notes (http://www.gramene.org/db/ help?state=current_release_notes).
NEW PLANT GENOMES AND ANNOTATION
Since our previous NAR report (8) , Gramene has tripled its number of complete reference genomes to 27. As shown in Supplementary Table S1, the species list broadens taxonomic representation and increases resolution with the inclusion of 14 monocots, 9 core eudicots and 4 primitive non-flowering plants, while serving both crop and model organism research communities. Notable additions to the monocot list include maize (Zea mays) and foxtail millet (Setaria italica), which along with Sorghum bicolor contribute to biofeedstock research owing to their C4 photosynthetic metabolism. Supporting wheat research, we added two diploid progenitor species Triticum urartu and Aegilops tauschii representing the AA and DD genome types, respectively. Until recently the monocot collection included only grasses (Poacea). This changed with the addition of banana (Musa acuminate), among the first non-grass monocots to be sequenced.
We have more than doubled core eudicots. Addition of two members of the Solanaceae, tomato (Solanum lycopersicum) and potato (S. tuberosum), represent the first asterids to join this resource, thus broadening eudicots beyond the rosid subclass. Addition of soybean (Glycine max) and Medicago truncatula represent two ends of the spectrum within legumes and provide complementary resources for crop breeding and research. In order to broaden the base of the species tree, we now include aquatic algae (Cyanidioschyzon merolae and Chlamydomonas reinhardtii), an early land plant moss (Physcomitrella patens) and an early vascular non-seed plant spikemoss (Selaginella moellendorffii).
Although inclusion of basal species aids the investigation of early events in plant evolution, the study of rapidly evolving characteristics requires dense species representation within a more shallow clade. In recent years, Gramene has accomplished this goal by building a ricegenus-level resource that now includes 13 of the estimated 24 species within the Oryza genus (9) (Supplementary Table S1 ). In addition to the two subspecies of Asian cultivated rice, this resource includes complete reference assemblies for cultivated African rice Oryza glaberrima, its wild progenitor Oryza barthii, and the distantly related wild species Oryza punctata and Oryza brachyantha. An additional eight Oryza species, including one polyploid, plus the outgroup species Leersia perrieri, are available as chromosome 3 short-arm assemblies and were contributed through collaboration with the NSF-funded Oryza Map Alignment Project (OMAP) and Oryza Genome Evolution (OGE) projects (http://www.genome. arizona.edu/modules/publisher/item.php?itemid=7). In the coming year, many of these will be replaced with complete reference assemblies provided through various international consortia.
Gramene performs base-line annotation of repeat sequences, est/mRNA alignments and ab initio gene prediction (8) . The community-recognized gene annotations are characterized for InterPro domains and cross-referenced to entries in third-party databases. Functional information is assigned using ontologies (Supplementary Table  S2 ) through a variety of methods (10) , which now include projection from one species to another using Compara gene ortholog assignments.
PLANT COMPARATIVE GENOMICS
The value of individual genomes is vastly enhanced by the provision of genomic and phylogenetic comparisons that elucidate ancestral relationships and evolutionary histories. We accomplish this by employing two Ensembl Compara analysis pipelines that provide: (i) pairwise whole-genome alignments at the DNA level (1, 8, 10) ; and (ii) Phylogenetic gene trees with classification of ortholog and paralog gene relationships (8, 11) . Output from either method may be subsequently used to build synteny maps (8) . In the past year we increased the number of pairwise whole-genome alignments from 31 to 64, as shown in Supplementary Table S3 . By default each species is aligned to rice and Arabidopsis, as well-annotated references. Additional pairwise comparisons were strategically selected to enrich this resource. Among the eudicots, Vitis vinifera (grapevine) is the only species not to have undergone whole-genome duplication since divergence from a common ancestor; hence, grapevine serves as the best eudicot reference to identify ancestral regions. As an example, synteny maps in Figure 1A illustrate the better clarity that grapevine provides in identifying duplicated regions of poplar compared to using Arabidopsis as the reference. Other species combinations were chosen to serve specific research needs in the community, such as comparisons between the three C4 grasses and comparison among solanaceous crops.
The standard gene-tree protocol includes annotated protein-coding genes from the complete reference genomes plus several non-plant species to give broader taxonomic context (8, 10) . Recent Gramene releases have synchronized this resource from Ensembl Plants. Independently, Gramene produces a second set of gene trees that focus on the Oryza genus. The 'Oryza-centered' gene trees incorporate gene predictions from all Oryza species (Supplemental Table S1 ), including those of the chromosome 3 short-arm assemblies, along with a select set of informative outgroup species.
A recent enhancement of the Compara method is automated detection of putative split-gene models that can arise from error in assembly or annotation (1) (Supplementary Table S4 ), as exemplified in Figure 1B . To serve community annotation efforts, we provide a list of putative split genes available by FTP (ftp://ftp.gramene. org/pub/gramene/CURRENT_RELEASE/data/split_ genes/).
PLANT GENETIC DIVERSITY AND SEQUENCE VARIATION
Genomics research is increasingly driven by the collection of polymorphism data from both natural and controlled plant populations. Gramene currently incorporates SNP and/or structural variation datasets for nine genomes (Supplementary Table S5 ): Arabidopsis (14-16), japonica and indica rice (13, 17) , maize (12, 18) , barley (12, 18, 19) , grape (20) , Brachypodium (21), African rice and sorghum (22) . The Ensembl variant effect predictor (VEP) pipeline (23) classifies variants according to functional consequences using Sequence Ontology terms (24) . These can be visualized in the context of transcript structure and protein domains. For many studies we also capture genotypes of individual plant accessions and phenotype data. A notable addition to this resource was the maize HapMap2 dataset, containing 55 million SNPs and indels across 103 accessions (12, 25) .
NEW ENSEMBL BROWSING CAPABILITIES
Each Gramene release brings new features through advances in the Ensembl software infrastructure. Since our previous report (8) , users are now able to upload their own private datasets (e.g., genome-wide SNP associations, QTLs, linkage data, ESTs, microarray data, RNA-Seq, proteomic sets) to view alongside reference annotations in the genome browser, Figure 1C (1,10) . In addition to common file formats such as GFF and BED, users can upload BAM to view short-read alignment data, or VCF files to view variant calls. In the latter case, the web-service automatically performs variant effect prediction and color-codes the displayed SNPs accordingly ( Figure 1C ). Other supported formats are listed at http://www.gramene.org/info/website/upload/index.html. Gramene has incorporated the ability to dynamically highlight genes sharing the selected GO annotation or InterPro domain into its gene-tree viewer. This allows trees to be evaluated for consistency of annotation across clades ( Figure 1B) .
DATA MINING USING GRAMENEMART
The Gramene Project was an early adopter of the BioMart data management system and web interface (7, (26) (27) (28) . GrameneMart helps users to rapidly download custom datasets. For example, a user can request a list of maize genes, along with genomic coordinates, protein domains, GO classes, and corresponding orthologs in rice, Arabidopsis and sorghum. More powerful still, users can apply filters to advance specific research questions. In Figure 1D , GrameneMart was used to screen transcription factor genes having putative SNPs of premature stopcodon. As the mart interface is linked to the browser, it is easy for users to quickly navigate to the corresponding gene or variation pages, and drill down to the list of maize strains that can carry the predicted detrimental alleles.
PLANT PATHWAYS
Gramene currently hosts 10 species-specific pathways databases (http://www.gramene.org/pathway; Supplementary Table S6 ) developed using Pathway Tools software (4, 5) . Of these, RiceCyc (Oryza sativa japonica) (3), SorghumCyc (Sorghum bicolor), MaizeCyc (Z. mays) (2) and BrachyCyc (Brachypodium distachyon) were developed and continue to be maintained by Gramene (Figure 2) .
The pathway databases can be browsed online or locally installed and navigated using the Pathway Tools latest software version 17. (Figure 2 ). The details of the pathway are accessible by clicking on a node (metabolite icon) or a line (reaction). The Omics-Viewer also allows users to upload and visualize high-throughput experimental datasets (e.g., microarray, RNA-Seq, proteome, metabolomics, reaction flux data, etc.) to compare various samples (e.g., experimental conditions, treatments, tissue types, time series, etc.) in the context of the overall cellular metabolic network ( Figure 2F ; (29)).
Since our last publication (8) the major updates to the pathway databases include manual curation of metabolic pathways in MaizeCyc and RiceCyc. MaizeCyc (2) currently projects a total of 428 metabolic pathways and transport reactions with 9000 genes acting as enzymes and transporters, and 1450 compounds. Manually curated pathways in MaizeCyc include carotenoid biosynthesis (from lycopene to carotene and xanthophylls) and flavonoid and flavonol biosynthesis leading to anthocyanin biosynthesis (2), and vitamin B biosynthesis and degradation pathways (30, 31) . RiceCyc (3) version 3.3 features 311 pathways (Figure 2 ) and includes the recently curated terpenoid biosynthesis instances of momilactone biosynthesis, Oryzalexin A-F biosynthesis, Oryzalexin S biosynthesis and phytocassane biosynthesis (31-34). SorghumCyc and BrachyCyc are maintained as computational projections from automated builds as described by Monaco et al. (2012) . The updates also include updated mapping of genes and gene products to the known pathways and reactions and as well as removing the false mappings that were inferred by the automated annotation workflows designed on the gene homology platform. The pathway databases such as RiceCyc provide a platform for building novel hypothesis for experimental validation. As illustrated in Dharmawardhana et al. (2013) , the link between circadian control and activation of core tryptophan pathway genes under pathogen treatment was a novel finding which may open up opportunities to look for novel sets of genes and networks involved in building new strategies for biotic stress resistance.
To further improve functional annotation and reconstruction of metabolic and regulatory networks in plants, we developed the Plant Reactome (http:// plantreactome.oicr.on.ca) in collaboration with the Human Reactome project (35) . The rationale behind the Reactome platform is to convey the extensive amount of information available for metabolic and signaling networks in visual representations that are intuitively navigable via a web interface, and are computationally accessible for advanced users via the APIs. Currently in its beta version, the Plant Reactome includes 133 rice pathways. Functionality updates and curation of Arabidopsis and maize pathways in Plant Reactome are in progress. Projections for maize and other species will follow in future Gramene releases.
GRAMENE TUTORIALS
Gramene offers YouTube video tutorials on topics including an overview of current datasets, features and tools (http://www.youtube.com/watch?v=wEaoJTTq WvI), describing Gramene's pathways portal (http:// www.youtube.com/watch?v=umlpHVon1OM) and to learn more about the Plant Reactome (http://www. youtube.com/watch?v=wbkuTeIcKjI).
DISCUSSION AND FUTURE PERSPECTIVE
As this report attests, the plant community has enjoyed enormous success establishing new reference genomes for important crops and model species using Gramene resources. Although this list will continue to grow, a greater opportunity-and challenge-will be presented by new data describing the transcriptome, epigenome and variome within existing reference species. Furthermore, it is common knowledge that factors that are external (i.e., environmental) or internal (i.e., genetic and epigenetic) can cause a perturbation of a biological system. For example a gene mutation may cause an alteration of a protein function leading to a systems-level change. Such a change can be captured and deciphered only through a systems-or network-level approach involving additional components like gene expression, metabolomics and network analysis. Thus, in collaboration with the ATLAS project (36), we are in the process of developing a capacity to map and display expression of genes in response to various environmental conditions, such as drought and salinity, and identify gene functions in order to elucidate biochemical and signaling pathways which underlie the plant's response to abiotic and biotic stress during the course of plant development. With regards to the integration of transcriptomics and epigenomics data, projects such as the Encyclopedia of DNA Elements (ENCODE; (37) ) have demonstrated the value of comprehensive analysis of transcription and chromatin structure on understanding gene regulation. As the Ensembl project participated in ENCODE and other large-scale functional genomics projects in human, it is anticipated that Gramene will be also able to adapt infrastructure, such as the Regulatory Build (1), into future developments. Lastly, the large degree of intra-species variation has shown that a single reference's assembly is insufficient to represent the genome of a species (38) (39) (40) . Following the trend in microbial genomics, the concept of a single reference genome is giving way to that of the 'pangenome' in both animals and plants (41, 42) in order to describe the full-complement of genes and variants in a species by capturing both the conserved 'core' genome as well as the 'dispensable' genome that is specific to populations or single individuals. Hence the systems/networklevel approach that we envision will not only answer fundamental biological questions on such mechanisms of adaptation and speciation, but is expected to revolutionize the methodological approaches for crop improvement.
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